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THEME

Recent measurements and developments in optical propagation in the air and in the
sea have opened the door to applications of significant importance to military systems.

As an example, transmission measurements in the marine boundary layer have
demonstrated that light beams are strongly scattered in the forward direction by hydro-
mjeteors; as a result, communication links may be possible beyond line of sight. Another
example is improved modeling of the upper atmosphere and related propagation effects,
which allows high altitude sensing systems to discriminate between target and background
radiance.

Such phenomena and others peculiar to atmosphere and marine environments offer
unique possibilities to communicate between space based and submerged platforms as
well as pointing the way to remote observations. The resultant applicaitions to communica-
tion and surveillance are of great interest to the military.

This meeting reviewed these propagation phenomena to establish their limitations on
transmitting and receiving equipment and bring out military implications and applications.
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EDITOR'S INTRODUCTION

I. The purpose of the technical meeting on "Special Topics in Optical Propagation"
which was held in Monterey, California, US, was to review the new elements of knowledge
which are technically utilizable, and the new elements of development in the field of
propagation and optical devices, which have a direct military application to communi-
cations and reconnaissance.

Two sessions were devoted to the reconnaissance of sea traffic from surveillance
satellites: Session III on "The Effects of the High Atmosphere (theory and experiments)"
and Session VI on "Adaptive Optics".

One Session, Session I dealt with strategic communications and, more particularly,
communications with submerged submarines, which depend on propagation.

Measurements were the subject of Session TI, and instruments, laser sources, special
filters, etc. were covered in Session IV.

The new points in the field of optical propagation are concerned with:

the air, for the upper atmosphere,
the water, for radiative transfer,
glass, for non linear effects.

Optical transmission between a satellite and a submerged platform is based on these
results.

2. In his opening speech at the AGARD EPP Symposium on "Electromagnetics of the Sea",
which took place in Paris in 1970 (see AGARD C.P.77), Vice Admiral O'Grady, from the
US Navy General Staff, requested the assistance of AGARD EPP for investigations on non
acoustic means of sea surveillance, and especially on electromagnetic means for the
detection and location of submarines.

The EPP meeting on "Optical Propagation in the Atmosphere" which convened in Lyngby
(Denmark) in 1975 (see AGARD C.P. 183) and the EPP meeting held recently in Monterey,
California, on "S)ecial Topics in Optical Propagation" provide partial replies, or
elements of replies, to Vice-Admiral O'Grady's request.

However, it should be pointed out that, while the extent of our knowledge on optical
propagation in the atmosphere is relatively satisfactory as regards the understanding
and modelling of phenomena, the computation of results and their good agreement with
experience, the same does not apply to optical propagation in the water, a recently
openeo field of research where scientific and technical activities have only been
developing for a few decades, whereas optical research in the atmosphere has been going
on since the beginning of instrument optics.

On the other hand, experiments in sea water, and the acquisition of a sufficient amount
of high quality data are certainly more difficult and more costly than in the atmosphere.

A considerable effort should be made in this area, because, as regards the propagation
of light, and due to the presence of noise sources, the ocean water varies much more
with the location considered than the atmosphere.

Much remains to be done. However, it is already known that interesting possibilities
exist when the conditions are favourable in the water, and, if necessary, in the air.
The purpose in view is of course to extend these possibilities to less favourable con-
ditions and to determine accurately the natural constraints.

3. In addition, at Monterey, various important contributions were made in the fields
of optical propagation, laser sources in the blue-green, detection, on optical fibers
and non-linear effects.

In this respect, it should be recalled that the use of the laser has made it possible
to obtain electric fields of an intensity comparable to that of the intra-atomic field,
that is approximately 1010 V;p.m , and to induce a non-linear polarization in non ferro-
electric media, either in the mass of crystals or amorphous bodies, or in solid or
liquid core optical fibers.

=Thus, the technology of these non-linear effects and mainly of the Brillouin scattering
and the stimulated Raman effect has developed during the last few years (see "Fiber
and Integrated Optics", NATO Advanced Study Institute Series: B 41 (1978)M it has
led to a good understanding of the physical phenomena involved, and to the presentation
of a theory confirmed by experience.

Among the various results achieved, that which appears the most important and the most
stimulating for the imagination is the phase conjugation response, either by Brillouin
backscatter or by a degenerate mixture of four waves.
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To make a brief description of this matter, let us say that the medium which receives
the field of angular frequency, whose expression is E = ReIli(x,yz)e1Ot produces the field

Ep.C" = Re[O*(x,y~z)eJwt I M Re[O(xy,z)e Jwt1

where 0" is the conjugate imaginary quantity of 0. Hence the appellation of "Reflection
by Conjugation of Space Phase". The reflected wave travels back alonq the path of the
incident wave.

For the time being, high reflectivity has been obtained at low power densities, on
small size samples. Tlis I only the initial phase of this work, but it seems to hold
good promise.

For the production of fusion nuclear energy, activation through the heating of small
material pellets containing a mixture of deuterium and tritium could use high intensity
u.v. light beams, automatically aimed at the pellets, by phase conjugation, from the
light emitted by the pellet itself.

ror the transmission of the solar energy between a space station and an earth station.
the high intensity beam would be automatically aimed at the earth station by the
sounding signal emitted by this station and sent back, amplified, by the space station,
along the very same path.

Thus, in the long term, non linear optics seems to be potentially capable of solving
many adaptation problems.

In the field of chemistry and pollution, the identification and quantity determination
of pollutants such as SO 2 or nitrogen oxides in the atmosphere can be carried out at
a distance, in real time, by optical means, for the protection of the environment and
for defence purposes.

Such methods utilize the interaction of the light of a laser with the atmospheric
molecule to determine the composition at a distance.

New possibilities are being opened for optical fibers, in a new band in the vicinity
of 1600 nm, if these hopes are confirmed, it will be possible to leave a space of
100 km or more between repeaters on the cables for sub-marine or ground communications.

It should be pointed out that optical fibers and cables offer a high transmission
reliability due to their invulnerability to jamming and the extreme difficulty of
interception. In view of these advantages which are to be added to many others, the
optical cable is a first-class means of tactical communication.

In the field of optical detection, the use of quantum mechanics formulations applied
to photodetection opens new theoretical avenues.

The use of a light source offering a coherent state atwo photons (TCS could make it pos-
sible to gain approximately ten decibels on the siqnal/noise ratio necessary to detectio
and, consequently, on the overall power of the link.

The possibility of producing and using a light source offering this coherence remains
to be demonstrated experimentally.

4. I would like to add that, among the many papers presented on the occasion of this
meeting, most were related to advanced studies.

Although some of these papers had already been published, the fact that they were
collected together, associated with their oral presentation and the ensuing discussions,
shed some light on the participants' and observers' knowledge and will lead to a better
understanding of new topics and to a stimulation of progress.

In these Conference Proceedings, the papers have been arranged by sessions. At the
end of each Session the reader will find the participants' questions and comments,
then the summary and conclusions of the Session Chairman or his substitute, such as
they were presented at the Round Table discussion.

In conclusion, we can state as a certain fact that optics is now a most promising
field of research.

P.Ilalley
Capitaine tic Frigate honoraire
12 rue du I)octcur Kurzenne
78350 Jouy en Josas
France
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INFROVUCT ION

de

l 'Editeur

1. La r~~union technique "Special topics in optical propagation" tenue d Monterey, California, Etata-Unis,

avait pour but de passer eun revue les nouveaux points de la connaissance, techniquement exploitables,

et Lea nouiveaux points du ddveloppement dana Ie doynsine de la propagation et de l'appareillage opti-

ques, qui ont wze application militaire directs pour Lea commnunications et la reconnaissance.

Deux sessions ont dt, dvolus d la reconnaissance, d partir des satellites de surveillance du trafic

ocdanique la session IlI aur "Les effets de la haute atmoaph~re (thgo:'ie et exp~riences)" et la ass-

sion VI aur "L optique adaptative ".

Une session a 6t6 devolue aux ccnn-iniationa strat~giquea et, plus particulirement, aux commiunications

avec Les soua-nvirins en immersion, qui ddpendent de la propagation :La session I.

Lea moB urea ont 4t4 rassemb lgss en session II et 1 'appareillage, lea sources lasers, filtres spdciaux,

etc ... , en session IV.

Lea points nou~veaux? our la propagation optique concernent

l 'air, pour 1 'atmoaphere aupdrieure,

1 'ecu, pour le transfert radiatif,

le verre, pour Lea effets non-Lingaires.

La transmission optique entre toi satellite et line plate forme irenergae fait appel d 055 r~sultats.

2. Dana son diacours d'ouverture du symposium AGARD-EPP "Electron'agnetics of the Sea", tenu a Paris en

1970 (voir AGA4RD C.P. 77), monsieur ? e Vice amtiral O'GRADY de l'Etat Major de l'U.S. Navy, sollicitait

1 'activitJ du comitg de propaga~ion des ondes 41ectromagn4tiques de 1 'AGARD, afin qua soient recherchdas

des moyens non-acoustiques de surveillance de la mer et notaciment des moyens e. mi. de detection et de

localisation des eo us-marina.

La rdunion technique AGARD-EFF "Optical propagaztion in the atmosphere" tenue d Lyngby (Danenw'k) en

1976 (voir AGARD-C.P. 183) et la rdunion technique qui vient d'avoir lieu a Monterey. comportent des

r~ponses partieLles ou des Jlamenta de r4ponaea d la sollicitation du Vice amtiral 0'GRADY.

1Z con vient touts fois de souligner que, si le degrg de notre connaissance de la propagation optique

dana I 'air eat raisonnablement satisfaisant, tant par la copry-hension des phognom~nes que par leur ma-

d~lisation, Is calcul des rdaultats et leur accord avec l'exp6rience, il n'en eat paa de n~me pour la

propagation optique dana 1 'ecu, dormrine de recherche r~cemment ouvert, co I 'activitJ scientifique et

technique ne a'est ddveloppdle que depuis quelques ddcennies, alora que la recherche optique dana l'air

dure au moins depuis Is ddbut de 1 'optique instrumentale.

D'autre part, 1 'sxperimentation dana 1 'ecu des mera et l1'acquisition d'une masse auffisante de donndes

de qualit4 sont certainement plus pdniblea et plus co27teuses que dana l'air. Un tr~s important effort

devrait 4'tre fourrzi, car, du point de vue de la propagation de la lumiare et par la pr~aence de sour-

cs de bruit, 1 'ecu de 1 'OcL~an sat heaucoup plus variable, en fonction du lieu, qua l1'air de 1 'atmo-

sphdre.

Beaucoup rests (I faire. Cependant, on sait deja qu'il y a des possibilit~a de transmission intgreasan-

tea, loraque lea conditions sont favorab lea dans I 'ecu et, si n~ceaaaire, dana l1'air. Le but eat, bien

sttr, d'dtsndre ceo possibilitdo d des conditions moins favorables et do pr~ciser lea limitations natu-

relles.
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3. Par ailleure, ta r4union de Monterey a fourni divere contributions inportantes dane lea dofllifle8 do

La propagation optique, des sourcee laser dane le bleu-vert, de la detection eur lee fibres optiques

et aurtout des effete non-lindairee.

-Rappe lone d ce propoe que V enploi du laser a permie d'obtenir dane La 'mtire dee champs Jlectrquee

d'une inteneitg comparable d cele du champ intra-atomnique, eoit environ 10 10 V/rn et de provoquer zoie

polarisation non-lindaire, done lea milieux non ferro-glectriqueB, ecit dane Lo a zee de arietaux

ou de corpe anvr'phee, ecit dane dee fibree optiquee d Coeur oLide ou liquide.

Ainei, La technologie de oee effete non-Lindairee et notanvrent de ta diffuesion Brilicuin et de V effet

Ramn etimuZJ e 'eet d~veloppde au coure dee der'nigree anngee ,ivoir "Fiber and integrated optice"

Nato advanced etudy inetitute seriee 841 (1978)_7. Elle a perrmie une bonne compr~hension dee ph~nomiO-

nee phyeiques qui eont mie en ,jeu et La pr~eentation d'une thgorle oonfirmnde par L'erxpdrience.

Parmni Lee diff~rente rasultate obtenue, cetui qui paraftt Le pluse important et le plue etimnulant pour

L'imagination, eet la r~ponee en conjugaieon de phaee,soit ,?ar r~trodiffusion BriLLouin, eoit par rig-

Lange de quatre ondee, dag~n~r6.

Pour eaqprimer La choee eonmirernent, dieone que le milieu, qui regoit le champ de pulsation w et d'ex-

preseion :E =R e 1 (ry,z)e jwti produit le champ

Rejp(xyz)e jwtj R P (yzejt

oz! ip* est l 'inrginaire con jugug de 1P. D'oa V appeLlation de "rdflexion par conjugaieon de phaee spatia-

le ". L 'onde rafL~chie revient eur le chemin de 1 onde incidente.

Pour le moment, de fortes r~flectivitga ont 4t obtenuee d de faib les denait4s de puiseancee, eur dee

45chantillons de petitee dinmensione. Ce n'eet que le debut du travail, nvzie la perepective eet trae

etimulante.

Pour ta production de Vg'nergie nucidaire cie fusion, L activation par 6chauffenent de petitee billee ma-

tariellee, contenant un m Lange de deut~riwn et de tritium, pourrait utiliser des faieceauz lumineux

u.v., trae intenees, autonntiqueient pointas sur La bille, par conjugaieon de phase, d partir de La Lu-

migre dmise par la bille elle-rme. Pour la tranemieeion de L'4nergie eclaire, entre une etation epatia-

le et une station terrestre, le faisoeau tree intenee eerai~t autonntiquement point,& eur La etation ter-

reetre par le signal de eondage grtris par ceLle-ci et renvoy4, amplifiJ, par la station spatiaLe, exacte-

ment sur le mime trajet.

Ainsi, l'optique non-lingaire paratt potentiellement capable, L! tarme, de r4eoudre de nombreux probl~.ree

d'adaptation.

-En chimie-pollution, la reconnaiseance et le dosage de polluants tele que S02 ou lee oxydee d'azote

dans 1 'atmoxsph~re peut etre effe etude a diestanoe, en temps reel, par dee moyene optiques pour ta pro-

tection de L environnement et la &fense.

Ces mdthodee exqploitent L interaction de la lumrigre d'un laeer avec lee mi'ldcu Lee atmosphdriques pour

obtenir, 4 distance, la conposition.

-Lee fibree optiquee e 'ouvrent d de nouvel le8 poeeibilit,4s dane une nouvelle bande au voisinage de

1 600 nm, qut. si Lee eepoirs sont confirnide, permettra d'eepacer de 100 kmn, ou davantage, lee rdp9-
teure eur lee cab Lee pour lee commtun-.oation8 eoue-marinee ou terrestree.

Noter que Lee fibree et lee cab lee optiquee prdeentent une grande adcurit46 de transmieeion, par L in-

vuLndrabilitg au brouillage et la difficuLt6 extrme de L 'interoeption. Cee avantagee, qui eont a
joindre a beaucoup d'autree, font du c~ble optiquc- z, nmyen de commnunication tact ique de choix.
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-En d6teotion optique, I 'enploi des formulations de la n~canique quantique, app liquges d to photod~tec-

tion, ouvre de nouvellee perspectives th-4oriques.

L'enploi d'une lumigre prdaentant wt dtat coh4rent d deux photons (TCS) pourrait permettre de gagner

une dizoine de ddcibele eur le rapport signal 4 bruit ,n4ceaaaire d la ddtection et, par consgquent,

eur le bilon de puissance de lo liaison.

It reete d nvntrer exqprimentolement, la poesibilitd de produire wwe lwigre prdeentant cette cohdren-

ce et L! Ilutilieer.

4. J'oijouterai encore que la r~union a comportg la pr~sentation de nombreuses coninunications, dont la plu-

part 4tajent relatives d des Etudee de pointe.

Bien qu'wn certain nombre de ces comrllunicotione oient ddjd fait l'objet d'articles publiga, leur roe-

semblement, aseocigd 4 t pr~eentotion orate et d lo discussion, a permie d'6clairer Lee connoieeances

dee participants et des obeervateure, pour une nwilleure conmpr~heneion de eujete nouveaux et la stinn,-

Zation du progr"e.

Dons le pr~sent conrpte rendu, le lecteur trouvera Lee communications groupdes par seesions. A la fin

de choque seseion, eont raeeembtdee tee questione e&- Lee conirentaires des participants, puie lea ap-

pr~ciotions et conclusione du prdeident de session oti de eon renmtagant, telles qu'ellee ont EtE prg-

sentdes d to discussion de table ronde.

line chose est certoine L'optique eet octuellenent tin donnine de recherche dee plus prometteura.

Pierre HALLEY

Capitaine de Fregare honoraire
12 rue du Docteur Kurzenne
78350 Jouy en Josas
France
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OVER-THE-HORIZON OPTICAL SCATTER
PROPAGATION IN THE MARINE BOUNDARY LAYER

G. C. Mooradian and M. Geller
NAVAL OCEAN SYSTEMS CENTER

San Diego, California 92152
USA

SUM[MARY

Measurements of the scattering properties from normal marine atmospheric
aerosols for an Over-The-Horizon (OTH) optical propagation channel has been made
for two links: The first link involves an overwater range of 63 km with 19-km
and 40-km horizons; the second involves an overwater range of 128 km with a
19-km horizon. Pathloss measurements as a function of transmitter-receiver
azimuth and elevation angles fcr a 0.51 pm Ar-ion CW laser, and a 1.06 Pm and
.53 pm frequency doubled pulsed Nd:YAC laser are reported. Examples of atmos-

pheric ducting are shown with an accompanying large increase of signal and
severe scintillations. Two theoretical models are presented, one based on
particulate single scatter and the other based on particulate multiple scatter.
Comparison between models and the experimental results are made.

1. INTRODUCTION

The use of optical frequencies for communication applications is being
pursued in a wide variety of propagation channels in the atmosphere, space, the
marine boundary layer and underwater (HOWARTH, 1977; KARP, 1976; MOORADIAN,
1974). The application of the optical scatter channel for atmospheric communi-
cations has yet to develop within the optical communication community (CURCIO,
1964). Indeed with few exceptions, most atmospheric laser communication systems

are designed for solely line-of-sight operation and consider any interaction
with particulate media as degrading (BUCHER, 1973). Unfortunately, there is
good basis for this opinion. Recent experimental work (MOORADIAN 1980) has
shown varying but never negligible degrees of spatial, angular, and temporal
degradation of initial laser characteristics after propagation through clouds,
fog, or extended atmospheric paths. The possible utility, however, of atmos-
pheric aerosols or cloud bottoms for Over-The-Hiorizon (OTH) communications in
practical applications will hopefully alter this impression (MOORADIAN 1976,
1971). The purpose of this effort was threefold: (1) to describe the perfor-
mance of two multiwavelength OTH laser links, one with an overwater range of 63
km (Ig-km and 40-km horizons) and the other with a range of 128 km (19-km
horizon); (2) to describe two associated OTH propagation channel models - one
based on particulate single scatter, the other based on particulate multiple
scatter; and (3) to compare experimental results with theoretical predictions.
A complete and thorough theoretical and experimental description of the OTH
optical propagation in the marine boundary layer is given in the Applied Optics
paper (WOORADIAN, 1980) and will not be reported here. Instead the results are
summarized with details left for the reference.

2. ELOS OPTICAL COMMUNICATIONS

The FLOS (Extended Line-of-Sight) optical communications system utilizes
optical aerosol scratter in the marine boundary layer to provide low to moderate
data rate communications over-the-horizon ranges of 30 to 300 miles. The driv-
ing requirement is an over-the-horizon communication capability without use of a
relay (MOORADIAN, 1976).

Over-the-horizon optical propagation can occur by a number of different
physical mechanisms. For example, anomalous refractivity gradients and
structures in the marine boundary layer and above can result in refractive pro-
pagation beyond the geometric horizon (i.e., the horizon computed neglecting
refraction), where such propagation manifests itself in the form of either
atmospheric ducting or simple downward curvature of the initial beam. The
latter circumstance, experienced when the refractivity falls off monotonically
and approximately linearly in height, can be accommodated analytically by the
effective earth radius concept wherein rectilinear ray paths are used. The
result is that the earth's radius is imagined to be somewhat larger than its
initial value by an amount that increased as the magnitude of the surface
refractivity gradiant increases. Thus, it is important to appreciate that, in
some situations apparent OTH propagation is not so in fact, because the horizon
is being miscomputed based either on underestimating or ignoring the surface
refractivity gradient.
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In this study only bona fide OTH propagation was considered. That is, only
propagation beyond the true optical horizon as computed taking refractivity
fully into account. This is not to understate the importance or refractive
effects in the atmosphere but rather to emphasize the physical scattering
process under investigation. Hence, such propagation, by definition, can occur
naturally only through scattering by atmospheric aerosols or clouds
(DEIRMENDJIAN, 1969).

A detailed, comprehensive analysis of ELOS propagation has been completed
addressing the following (MOORADIAN 1976): relative contributions from single
and multiple scattering (as a function of range), wavelength dependence, verti-
cal exponential decrease in aerosol concentration with altitude, effects of
refraction, general meteorological parameters (e.g., temperature, humidity, wind
speed) multipath time spread, etc. Figure 1 illustrates the performance of two

different data communication links in an OTH marine environment. The upper
curves give maximum communication range as a function of wind speed and visibil-

Ity for a teletype data link (75 bits/sec) using the single scatter propagation
model. The lower curves depicts maximum communication range as a function of
wind speed and visibility for a digital voice link (2400 bits/sec) using the
same model. Pertinent system parameters are indicated in the figure. A typical
condition of visibility 20 km, wind velocity 5 m/s, and relative humidity of 80%
(MCDONNELL DOUGLAS, 1968, NICODEMUS 1972) indicates a voice communications range
of 148 km (2400 BPS), and a teletype range of 187 km (75 BPS). This assumes
only a modest 10 watt average power Nd:YAG laser employing pulse interval
modulat'on of approximatly 10 bits-per-pulse.

3. OTH PROPAGATION AT 63km RANGE

In order to perform any quantitative comparison with the above cited models
and gather enough data to determine system feasibility, it was necessary to
determine the following optical scatter channel characteristics during each
experimental run: (1) the integrated pathloss over the range; (2) the angular
brightness distribution of the source as seen by the receiver, and (3) the
magnitude of the pulse stretching. These propagation parameters depend
critically on both the atmospheric visibility and the elevation-azimuthal angles
of the receiver and secondarily on the aerosol size distribution in the path.
In this section, the recent experimental results derived from an OTH propagation

link between San Diego and Oceanside, California will be described. For this
experiment, the integrated pathloss (received power divided by transmitted
power) was measured using the 514.5-nm line of a 1-W Ar-ion laser and the 532-nm
and 1.06 pm lines of a Q-switched Nd:YAG laser. In the latter both wavelengths
transversed the identical propagation path, i.e., if refractive dispersion could
be ignored.

The initial scattering channel selected was a 63-km path, almost all of
which is over the ocean. The transmitter was at NOSC in Point Loma. The
receiver was on the beach at the Marine Base at Camp Pendleton. The geometric
horizon was 40 km from the transmitter for the CW experiments and 19 km for the
pulsed.

4. EXPERIMENTAL RESULTS

The experimental results for the 63 km link can be summarized as follows:

- For visibilities greater than 10 miles, the path loss was nominally

.-100 dB to -120 dB (10 log 10 of the power received divided by the
peak power transmitted)

- Apparent angular source size was very small (<0.25*) indicating very
highly peaked forward scattering (WELLS 1977)

- When atmospheric ducting occurred, approximately 100 times more optical
energy was received and severe scintillations were observed (>10 dB)

- Without ducting, almost no amplitude fluctuations were observed ((1 dB)
due to scattering volume aperture averaging

- Path loss at 1.o061was 20 dB less than at 0.531A (i.e., the reduced
scattering coefficient at 1.06pdominates the increased forward
scattering phase function at 0.53Ndue to the exponential atmospheric
attenuation)

- The single scatter model appears to be in better agreement with the

experimental data than the multiply scatter model, though this is not
conclusive
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- No evidence of pulse dispersion of the 20 ns pulse ws observed at
either 1.06 por 0.53Jf (STOTTS, 1978)

- No enhancement of received signal with increased transmitter elevation
angle was observed

- Electrical signal to noise ratios >90 dB have been measured at 1.06,u

(day) with a Nd:YAG laser of -0.05j/pulse.

- The scattered beam is very sharply peaked in the forward direction
(nominally -20 dB at 10 mrad off-axis in azimuth) and falls off more
rapidly in azimuth than elevation when there was vertical structure in
the aerosol concentration)

5. OTH PROPAGATION AT 128 km RANGE

The following data was also taken over a Pacific Ocean link, but the ground

range was increased to 128 km. The transmitter was located on the seaward side
of Point Loma (NOSC) at a height of 37 m above the water; the receiver Ws

located on the northern tip of San Clemente Island at a height of 10 a above the
water. The experimental setups are similar to those of the 63 km link with the
following modifications:

(1) replacement of the Nd:YAG pulsed laser source with one of higher peak
power (5 MW vs.- 0.8 HW); (2) a Tektronix 7834 storage scope at the receiver
instead of the Biomation digitizer; (3) increase of the receiver's diameter from
20 cm to 39 cm; (4) two receiver field-of-views (8 mrad and 35 mrad).

The experimental results for the 128 km link can be summarized as follows:

- Path loss measured was nominally -115 d8 to -135 dB.

- Apparent angular source size (-I*) was approximately four times larger
than at 63 km.

- Significant pulse stretching was not observed (<60 ns) and was less
with the 8 mrad receiver field-of--view than with 35 mrad.

- Electrical signal to noise ratios of 35 dB were measured during day
time.

- Signals fell off more slowly with angle at 80 miles than at 40 miles
in both azimuth and elevation.

- Single scatter theory appears to hold.
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MULTIPLE SCATTER OF COLLIMATED IRRADIANCE

W. H. Wells, J. Harri6, H. C. Lin
4 Tetra Tech, Inc., 630 North Rosemead Boulevard, Pasadena, California 91107

ABSTRACT

Using the method of spherical harmonics, we investigate multiple
scattering of incoherent light (or other particles) in an opti-
cally thick medium with a plane surface. We report techniques
that are particularly useful when scattered radiance has a for-
ward peak that generates harmonics of very high degree. Conver-
gence of computations hinges mainly on the small number of har-
monics in the backscatter and not so much on the large number in
the incident and forward scattered light. The method uses annihi-
lation operators to improve the solution by removing eigenfunctions
that propagate the wrong way. Backscattered radiance at the sur-
face may be calculated without solving for interior radiance.

The problem of radiative transfer by multiple scattering in a homogeneous medium has been
treated by several mathematical techniques. Prieur and Morel (1973] have reviewed several of these, and
Davison and Sykes [1957] have made an extensive review of similar techniques from the old literature of
neutron transport.

Unlike diffusion approximations, the method of spherical harmonics gives detailed radiance
distributions whose precision is limited only by the effort expended in computation. We report new com-
putational techniques for an optically thick medium with a plane surface at z-O. The method is particu-
larly useful when scattered radiance has a forward peak and thus requires many harmonics to represent its
distribution. That is, the incident light is quite well collimated, and the scattering function is suf-
ficiently pointed to preserve high harmonics beyond the first scatter. We treat the case in which the
radiance is uniform in the x-y plane parallel to the boundary. Sections 1, 2 and 3 develop the theory.
Section 4 relates it to some previous work, and Section 5 describes a numerical example.

I. GENERAL FORMATION

The medium in question is characterized by absorption rate a and scattering function 0: a
gives fractional loss of light per unit length along any ray, o() gives the fraction scattered per unit
length per unit solid angle in the direction from the ray (independent of the azimuthal angle around
the ray). Let S denote spherical harmonics of 0:~n

f 2n+l

hSn -f 0(1) Pn (cosP) dw,, (2)
.sphere

where P is the Legendre polynomial. Let a denote the total beam attenuation rate, and a the total scat-n
tering constant S :

a - a + a, s - S (3)0,

so that the power lost from a collimated beam of light in the r direction is dP - -aPdr, and P - P exp(-ar).

The angular distribution of light, i.e. radiance L, is in general a function of time, measure-
ment position r, and direction of observation 0. It gives power per steradian in direction Q per unit
area perpendicular to Q. In our case, L(t,r,0)--L(z,e,o) since we specialize to the case in which L
is independent of t, x, and y, and Q is specified by spherical angles, which permit expansion in harmonicsLm

n

(z8n (l 2 n-m)l Lm()pm(coae) cos o,(

m 25n 4Ym (n+m)! n n

Lm(z) -J L(z,e,4?)Pm(cose) cos mo dw, (5)nphere n

where 2 - l, m - 0 dw - sine de d•
m _2, m > 0,

Here we have assumed that is measured from a plane of symmetry; for asymmetric cases, terms in sin SO
must be included. In terms of these harmonics, the well-known Boltzmann equation for radiative transfer is

(n-m+l) La + (n-t) L' ' + (2n+l) A L - , (6)

n+1 n-1 Ann

where L' denotes dL/dz, L_ 1  0, and

An a-Sn A0 a, A- - o. (7)
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The two limits follow from Eq. (3) and S.- 0; the latter in turn follows from Eq. (2). A later discussion
shows that A may be interpreted more or less as the decay rate of the nth harmonics L (z). The limit A.
= a means thrt high harmonics decay at the same rate as a collimated beam. However, far moderate values
of n the harmonics are unaffected by scattering angles less than the size of their lobe structure, and so
the decay rate A is correspondingly less.

n

The form of Eq. (6) obviously suggests an exponential solution:

-kz
C- e- (8)n n

Substitution gives

(n-m+l) dn + (n+mC 1 - (2n+l) (An/k), (9)

where C 1 E 0. This equation couples different values of the subscripts, but the superscript m IL the
same throughout. For this reason we shall omit m in nearly all the equations that follow with the under-
standing that everything except A and z depends on m. Equation (9) is an eigenvalue equation for the
decay rate k. Solutions of interest have positive k (so that L(-) - 0) and eigenvectors C (with elements
C ) such that C --- -0 as n---,. In all cases, k is real (as can be proved by the standard method of
Anppendix A in Reference 9); i.e. there is no oscillating solution, which is fortunate because the search
for k described below would be difficult to implement in the complex plane. Moreover, the ith eigenvector
C () has i-l sign changes before decaying to zero (see Appendix C of Reference 9).

The best way to find the ith eigensolution is to choose an arbitrary normalization, say
C-,.. 1, guess a value for k , and iterate Eq. (9) as a recurrence relation in C until it is apparent
tWWC---b± -, which merely inhicates that the guess for k was not exact. Next adyust the trial value of
ki., smaller if C changed signs i times or more, larger if otherwise. Repeated trials using a suitable
search pattern converge on the critical eigenvalue such that C -. (There is considerable precedent
for truncating Eq. (9) by putting CN+l - 0 and solving as a fin matrix eigenvalue problem, but this is
less accurate and more difficult.) - -

The general solution of Eq. (6) is a linear combination of eigensolutions:

L(z) s BiC() exp(-ki z), (10)

where L (like C) denotes a column vector of components L . There are two problems in using this result.
First, it requires a large number of eigensolutions, paricularly with collimated illumination that re-
quires many spherical harmonics. Unless o() contains unusual off-axis peaks, Ln (z) merely decays quite
uneventfully and should be expressable in only one or two terms.

iThe second problem with Eq. (10) concerns boundary conditions. At z = 0, the incident light
JLn(oe,0) is given. Actually L denotes light barely inside the scattering medium since surface effects

(refraction, reflection, roughness) are not khe subject of this paper. However, there is additional back-
scattered radiance (diffuse reflection) L that complicates the initial values because it is not given,
but rather is part of the solution:

Lin back
L(0,e, ) = L:n(8,0) + L (6,0). (Ii)

In these terms, the surface boundary condition is

Lback0(,) , < 7/2, (12)

which is not easy to apply in terms of spherical harmonics because these functions are orthogonal on the
whole sphere, not the hemisphere of Eq. (12). Reference 2 discusses conventional solutions to this pro-
blem, Section 2 gives ours.

The condition at the far boundary is simple for an optically thick medium, namely L(-) = 0,
which is already satisfied by choosing positive k for Eqs. (8) and (10). For finite thickness Z we would
have L(Z,6,O) - 0, 1/2 < 6 5T.

The following two sections describe our technique for simplifying the problems just described,
the boundary condition in Section 2 and the complexity of Eq. (10) in Section 3.

2. DIFFUSE REFLECTION FROM THE BOUNDARY

In this section we find the boundary values Ln(O) given the !_ -ident light L in . This accom-
plishes two things. First, it gives the diffuse reflection Lback by Eq. (0 4thout the necessity for
finding the Interior solution for all z. Second, it facilitates the interio solution also by supplying
the initial values for the differential equation, Eq. (6).

The index i in the general solution, Eq. (10), can be assigned in any way, so let positive i
denote eigenfunctions with positive k, and negative I denote negative k. Segregating these terms in sep-
araLe sums gives

L(z) - BiC(i)exp(-kz) +i B_-
IC(

-i )
exp(+Ik

-iIz). (13)

As mentioned before, a valid solution requires that the second sum vanish, i.e. all coefficients B - 0,
because the positive exponentials violate the boundary conditions as z-31. However, Eq. (13) shois the
second sum anyway,so that we can discuss an iterative solution in which these invalid eigenfunctions


